Doppler velocity measurements from the Anglo-Australian Planet Search reveal planetary mass companions to HD 23127, HD 159868, and a possible second planetary companion to HD 154857. These stars are all G dwarfs. The companions are all in eccentric orbits with periods ranging from 1.2 to > 9.3 yr, minimum (M sin i) masses ranging from 1.5 to > 4.5 M J , and semimajor axes between 1 and > 4.5 AU. The orbital parameters are updated for the inner planet to HD 154857, while continued monitoring of the outer companion is required to confirm its planet status.
Introduction
As extrasolar planetary research enters its second decade, the field continues to be driven by precision Doppler surveys. Roughly 95% of all known planets come from such surveys, including all of the ∼180 extrasolar planets 1 orbiting stars within 100 pc ).
The most promising new methods for the detection and study of nearby exoplanets are the next generation techniques of interferometric astrometry and direct imaging. However, these have proven harder to develop and implement than expected a decade ago. Over the same period Doppler programs have steadily improved their precision from 10 to 1 m s −1 . At this level, precision Doppler surveys will remain the dominant detection technique for exoplanets orbiting nearby stars for the foreseeable future.
The Anglo-Australian Planet Search (AAPS) began observing 200 stars in January 1998. In 2002 the program expanded from 20 to 32 nights per year. In response two changes were made: 60 new stars were added, and observations with signal-to-noise ratios of at least 200 became the goal for all survey stars. The AAT target list has been published in Jones et al. (2002) .
A total of 26 planets have emerged from the AAT program. The full set of AAT Doppler velocity measurements for these stars are included in the "Catalog of Nearby Exoplanets" . These AAT velocities have already yielded a new 300 day planet orbiting HD 160691 (Gozdiewski et al. 2006) , which has been subsequently confirmed with HARPS data (Pepe et al. 2006) . In this paper three new AAT planets are announced.
Observations
Precision Doppler velocity measurements are made at the 3.9-m Anglo-Australian Telescope (AAT) with the UCLES echelle spectrograph (Diego et al. 1990) . A 1 ′′ slit yields λ/∆λ ∼ 50000 spectra that span the wavelength range from 4820-8550Å. An iodine absorption cell (Marcy & Butler 1992 ) provides wavelength calibration from 5000 to 6100Å. The spectral point-spread function is derived from the detailed shapes of the embedded iodine lines (Valenti et al. 1995) . The precision Doppler analysis is carried out with an updated version of the technique outlined by Butler et al. (1996) . The long-term underlying systematic precision of the AAPS as demonstrated by stable stars is 3 m s −1 (see e.g. Vogt et al. 2000 , Rivera et al. 2005 ).
Three New Planets
The physical parameters for the planet-bearing stars reported in this paper are listed in Table 1 . All three of these stars are classified as G dwarfs in the Michigan Catalog (Houk & Cowley 1975 , 1978 , 1982 . The stellar distances are from HIPPARCOS (Perryman et al. 1997) . The estimates of stellar activity (R ′ HK ) are from Jenkins et al. (2006) . The metallicity and v sin i measurements are from Valenti & Fischer (2005) based on spectral synthesis matched to high-resolution (λ/∆λ ∼ 66, 000) iodine-free "template" spectra, taken with a 0.75 ′′ slit. The estimates of stellar mass and age are from the analysis of Takeda et al. (2006) . The estimated intrinsic stellar Doppler jitter is from our latest upgrade to the calibration of Wright (2005) .
The absolute magnitudes of these stars range from M v = 3.8 to M v = 3.0, suggesting they have all begun to evolve off the main sequence, consistent with their estimated stellar ages (5.6 to 8 Gyr), and with the measured level of chromospheric activity and v sin i velocities.
HD 159868
This star has been observed 28 times since being added to the AAPS program when it was expanded in 2002. These data are listed in Table 2 and shown in Figure 2 . The rootmean-square (RMS) of these velocities about the mean is 29 m s −1 , exceeding that expected from the photon-counting internal measurement precision and stellar jitter. (The median value of the internal measurement uncertainties is 1.4 m s −1 , while the estimated intrinsic stellar jitter for HD 159868 of ∼2 m s −1 .)
We are in the process of developing a modified detection algorithm based on an improved version of the Lomb-Scargle (LS) periodogram (Lomb 1976; Scargle 1982) . The standard LS technique estimates power in a time-series of data by fitting sinusoids at fixed periods to generate a periodogram. However, planets do not necessarily (indeed it would seem only infrequently) lie in the circular orbits which result in sinusoidal Doppler variations. Ideally one would fit Keplerians, however this requires generating a periodogram which is a function of both period and eccentricity.
We have therefore generated what we call "two dimensional Keplerian Lomb-Scargle" (2DKLS) periodograms, which are formed by fitting Keplerians at a grid of periods and eccentricities, and then calculating power using Equation 7 of Cumming (2004) . The period at maximum power in the period-eccentricity plane, is then used as an initial estimate for a non-linear least-squares Keplerian fit, this time varying all the Keplerian free parameters until the minimum reduced χ 2 (χ 2 ν ) is determined. The uncertainties quoted in this paper are derived from the diagonal terms in the covariance matrix, and only represent a true estimation of the uncertainty on the fitted parameters in the absence of degeneracy between those parameters. As a general rule, Keplerian fits usually have some degeneracy between semi-amplitude (K) and eccentricity (e), resulting in the uncertainty estimates on those terms being a lower limit. Figure 1 demonstrates the 2DKLS with the Doppler data for HD 159868. The upper panel shows the 2DKLS power spectrum in greyscale, while the lower panels show the power spectrum resulting at fixed eccentricities of e = 0 (left) and 0.69 (right). The former therefore corresponds to a "standard" Lomb-Scargle periodogram (ie. fitting sinusoids), and the latter is a cut at the eccentricity corresponding to peak power in the 2DKLS. The lower left panel of Figure 1 (i.e. for e = 0) indicates maximum power at P = 1343 d, while that at the 2DKLS peak power in the lower right panel is P = 986 d. The Keplerian resulting from a nonlinear least-squares solution is shown as a dashed line in Figure 2 , and has semi-amplitude K= 43.3 m s −1 , giving a minimum planetary mass M sin i=1.7 M J , and a semimajor axis a=2.0 AU. Figure 1 demonstrates some of the features of the 2DKLS method. The contrast in these power spectra is considerably higher at the eccentricity corresponding to peak 2DKLS power than at e = 0. Moreover, the period at which the power peak occurs is significantly different. Using the standard LS as an initial estimate to the non-linear Keplerian fitting process does eventually generate a best-fit period near 2DKLS peak power period. However, using the intial estimate derived from the 2DKLS is clearly preferable.
Throughout the remainder of this paper, when we present power spectra, these will actually be cuts through the 2DKLS at the eccentricity corresponding to the peak power in the 2DKLS (which is noted).
The χ 2 ν of the best-fit Keplerian is 15.22, and the RMS is 8.5 m s −1 , which is still significantly larger than expected based on internal meaurement uncertainties and jitter. Though a component of this excess RMS could be due to asteroseismological "noise" (as discussed by Tinney et al. 2005) , it is unlikely to be the sole cause. So, while the Keplerian false alarm probability (FAP -calculated as described in Marcy et al. 2005 ) for this fit is quite low (< 10 −3 ), the large residuals have motivated a search for additional companions.
Allowing for a long term linear trend makes no significant improvement to the RMS or χ 2 ν . Planets with shorter periods can be fitted simultaneously with the planet reported here, and solutions obtained that significantly improve the RMS and χ Table 4 shows how our precision (as determined by the internal uncertainty estimates listed in the table) has significantly improved in recent years as exposure times have been increased from ∼5 to ∼20 minutes to meet our higher S/N goal.
The power spectrum for HD 23127 is shown in Figure 4 at an eccentricity of 0.44, corresponding to peak power in the 2DKLS. The peak at ∼1214 d (3.33 yr) is clear. The bestfit Keplerian is shown as the dashed line in Figure 3 . The RMS of the residuals (11.1 m s −1 ) and χ 2 ν of the fit (5.11) are both high. These are due to the lower precision and larger scatter of the earliest measurements and partially because of the star's faintness. (If the residuals are divided in two, we find an RMS of 13.2 m s −1 before 2003 and 4.8 m s −1 after.) The minimum mass (M sin i) of the planet is 1.5 M J , and the semi-major axis is 2.4 AU. A total of 28 AAT observations of HD 154857, spanning 4.5 years, are listed in Table  5 and plotted in Figure 5 . The velocity RMS of the raw data set is 35 m s −1 . The median internal measurement uncertainty is 1.7 m s −1 , and the estimated stellar jitter is 2.6 m s −1 . The dashed line shows the best-fit single Keplerian with a linear trend, with an orbital period of 1.1 yr and an eccentricity of 0.52, in agreement with McCarthy et al. The RMS of the velocities to the Keplerian plus linear trend is 7.77 m s −1 and the χ 2 ν is 7.51. Over the past two years the combination of a single Keplerian plus linear trend has provided a systematically poorer match to the data. We have therefore been motivated to search for a two Keplerian solution. Figure 6 shows best-fit double Keplerian, which was found by starting with the single-Keplerian parameters for the known planet. The updated orbital parameters for the inner planet (Table 3 ) from this fit are basically consistent with those given by McCarthy et al. (2004) , and with four full orbits observed, these parameters are now well constrained. The fit parameters for the outer planet are P =7.94 yr, K=466.5 m s −1 , and e=0.87. The minimum mass is M sin i=18.4 M J and a=4.3 AU. The RMS to the two Keplerian fit is 3.68 m s −1 , with a χ 2 ν of 1.73. The parameters of the (outer) long-period companion of HD 154857 are not well constrained; fitting very long periods leads to poorly determined eccentricities and M sin i values in the brown dwarf regime or larger. More observations are needed to constrain the parameters of this object, while robust lower limits are provided in Table 3 .
Discussion
Thirty planets have now emerged from the 260 target stars of the AAPS, suggesting that ∼10% of late F, G, and K field dwarfs have planets that can be detected with Doppler precisions of 3 m s −1 and a time baseline of 8 years (a similar detection rate to that of the original 106 stars on the Lick Observatory survey which has yielded 13 planets to date; Fischer et al. 2003) . These surveys are now beginning to explore planets in orbits beyond 4 AU, though they remain insensitive to terrestrial mass planets beyond 0.1 AU and neptunemass planets beyond 1 AU. However, with planets being found orbiting more than 10% of nearby sun-like stars, it seems that planetary systems are common.
For the current high precision Doppler surveys, the one detectable signpost of a Solar System analog is a giant planet in a circular orbit (e < 0.1) beyond 4 AU, with no giant planets interior to 4 AU. Previously five giant planets orbiting beyond 4 AU have been found. Of these, only 55 Cnc has an outer planet in such a circular orbit, however, it also has two giant planets orbiting at 0.11 and 0.23 AU. The outer planet orbiting HD 217107 Wittenmyer et al. 2006 ) has an eccentricity of 0.55 and an interior giant planet in a 7 d orbit. The planets orbiting HD 72659 , HD 154345 and HD 24040 (Wright et al. 2007 ) have eccentricities of 0.27, 0.52, and 0.20 respectively.
In this paper an additional object, possibly a giant planet (HD 154857c) are presented, orbiting at (or beyond) 4 AU and with quite high eccentricity. Thus five of the six planets orbiting beyond 4 AU, are in eccentric orbits, and the sixth has giant planets in inner orbits. The distribution of eccentricities for planets beyond 4 AU is similar to that for planets between 0.2 and 4 AU, and there is no indication of a trend for increased circularity in planets orbiting at large radii. This suggests that while gas-giant planets themselves are common (orbiting > ∼ 10% of sun-like stars), Solar System analogs may not be as common. Over the next decade the number of planets detected beyond 4 AU will grow enabling us to determine accurately whether Solar System analogs are rare or not. However, to understand completely the frequency of these detections, we will need to more thoroughly simulate the selection functions implicit in our observing strategies. The AAPS program, along with other Doppler searches, has been underway for more than 8 years. To date no detailed simulation and analysis of these selection functions has yet been undertaken by AAPS or any other planet search. What is needed is to not only determine what can be detected using our current observational techniques and sampling, but what should have been detected but has not been, if we are to constrain the underlying frequency distributions of planets and planetary system parameters. An effort in this direction is now well underway for the AAPS.
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